Recently Lieu and Hillman argued that the HST detection of Airy rings from the active galaxy PKS1413+135, located at a distance of 1.2 Gpc, has ruled out a majority of modern theories of quantum gravity about the fabric of space and time. However, our analysis of the interferometry of unresolved distant point sources refutes their claim by showing that they have vastly overestimated the cumulative effects of spacetime fluctuations on the phase coherence of light from the distant galaxy.
It is generally believed that quantum gravity, the synthesis of quantum mechanics and general relativity, predicts that spacetime becomes "fuzzy" at the Planck scale given by the Planck time t P = ( G/c 5 ) 1/2 ∼ 10 −44 s, Planck length l P = ct P ∼ 10 −33 cm, and Planck energy E P = /t P ∼ 10 28 eV . The fuzziness of spacetime leads to uncertainties in distance (l) measurements given by δl l(l P /l) α (similar uncertainties for time measurements) and uncertainties in energy (E) measurements given by δE E(E/E P ) α (similar uncertainties for momentum measurements), [1] with α ∼ 1 parametrizing the different quantum gravity models. The standard choice [2] of α is α = 1; the choice of α = 2/3 appears [3, 4] to be consistent with the holographic principle and black hole physics; α = 1/2 is another favorite choice found in the literature [5] .
The ultra-high energy cosmic ray threshold anomalies (see, e.g., Ref. [6, 7, 8, 9, 10] and references therein) may have given us some tentalizing hints of Planckian fluctuations. But so far we lack direct experimental evidence. Recently Lieu and Hillman [11, 12] claimed to have found a well established technique that has hitherto been overlooked to directly test these Planck scale fluctuations. They argued that these fluctuations can cumulatively lead to a complete loss of phase for radiations that have propagated a sufficiently large distance and they searched for patterns of images gathered by telescopes that should not be present if prevailing notions of spacetime quantum is correct.
We begin by summarizing Lieu and Hillman's argument. Consider the phase behavior of light with wavelength λ received from a celestial optical source located at a distance L away. During the propagation time T = L/v g where v g is the group velocity of propagation, the phase has advanced by the amount
where v p is the phase velocity of the light wave. This phase fluctuates randomly according to
1 Lieu and Hillman dropped the second term of fluctuations, presumably because it suffices to keep just the first term to make their claim. Let us keep in mind that the second term actually exists, but let us also disregard it for the time being. Next, Lieu and Hillman argued that, due to quantum fluctuations of energy-momentum, the standard radiation dispersion relation
should be changed to
with a ∼ 1. Recalling that v p = E/p and v g = dE/dp, Lieu and Hillman concluded that
and consequently
Thus in stellar interferometry, Lieu and Hillman reasoned, for light waves from an astronomical source incident upon two reflectors (within a terrestrial telescope) to subsequently converge to form interference fringes, it is necessary that δφ 2π. On the other hand, when L is large enough, the converse is true, the fringes should disappear, and Lieu and Hillmann estimated that this occurs at
for α = 2/3, 1 respectively. For a = 1 and E = 1 eV, these distances correspond respectively to ∼ 10 −3 pc and ∼ 1M pc. Lieu and Hillman made their case by first noticing that interference effects were clearly seen at λ = 2.2µm (E ≈ .56 eV) light from the star S Ser which is ∼ 1 kpc away, using the Infra-red Optical Telescope Array [13] . Since it is unnatural, or so they argued, for a ≪ 1, they ruled out the α = 2/3 model (not to mention the α = 1/2 case). Finally Lieu and Hillman clinched their claim by noting that Airy rings were clearly visible in an observation of the active galaxy PKS1413+135 (L = 1.216 Gpc) by the HST at 1.6 µm wavelength [14] . Thus even the α = 1 case is ruled out (unless a 10 −3 which, as noted above, is unnaturally small) according to Lieu and Hillman.
Lieu and Hillman's claim, if true, would have profound implications for astrophysics, cosmology, and fundamental physics. However, their analysis of the principles of interferometry of distant incoherent astronomical "point" sources is oversimplified. The local spatial coherence across an interferometer's aperature for photons from a distant point source (i.e., plane waves) is a reflection of the fact that all photons have the same resultant phase differences across the interferometer. However, as Lieu and Hillman pointed out, this local coherence can be lost if there is an intervening medium such as a turbulent plasma or spacetime foam capable of introducing small changes into the "effective" phases of the photon stream falling on the interferometer. Such induced phase differences are themselves incoherent and therefore must be treated statistically. When this is done, Lieu and Hillman's claim can be seen to be a vast overestimate of the cumulative effect of spacetime fluctuations on the phase coherence of light from the distant sources. The phase fluctuation they used is essentially the phase difference between the fastest-and slowest-possible components of a light wave. To simplify our argument, let us assume that δ(v p /v g ) in Eq. (5) takes on only two values, viz. ±(E/E P ) α (instead of, say, a Gaussian distribution about zero which is more likely). Then during the propagation over a distance of one wavelength in the intergalactic medium (filled with spacetime foam from the quantum fluctuations of spacetime), δφ increases or decreases by 2π(E/E P ) α with equal probability. (In the terminology used in Ref. [9] , this is referred to as a "nonsystematic" effect of quantum gravity). Thus the phase changes by this amount in a one-dimensional random walk, L/λ times during the light wave's journey from the distant source to detection. By the fastest-(slowest-) possible component we are therefore referring to the extremely unlikely case (with a probability of ∼ 1/2 L/λ ) of a light wave undergoing quantum fluctuations with the the same, viz. positive (negative) sign all the L/λ times. For the light waves from PKS1413+135, L/λ is of order 10
30 . Since quantum fluctuations take on positive and negative values with equal probability, the one-dimensional random-walk in phase involving L/λ steps yields a (L/λ) 1/2 dependence for δφ. Thus Eq. (6) (the δφ according to Lieu and Hillman [11, 12] ) should be replaced by
Thus, for the light from PKS1413+135, Lieu and Hillman overestimated the phase shift by a factor of (L/λ) 1/2 ∼ 10 15 . Correcting this overestimation, we find that the observed sharp image of the distant galaxy is no longer in conflict with the predictions of quantum gravity, so long as a 10 13 , 10 4 , and 10 −1 for the cases α = 1, 2/3, and 1/2 respectively. This is the main result of this Comment. Actually this result can be strengthened by the following considerations. A priori the fluctuations in energy and momentum can be very comparable but do not have to be equal. However, for a free particle (especially a massless particle -see below), its fluctuations in energy and momentum may be correlated such that the dispersion relation (i.e., mass-shell condition) remains unchanged to a large extent under quantum fluctuations. In other words, for light waves, it is possible that δE − δp ≈ a(E/E P ) α with a ≪ 1. Indeed, if quantum gravity effects are the origin of threshold anomalies found in the ultra-high energy cosmic ray events, a typical value for a is of order 10
for the case of α = 2/3. [7] And if such a small value of a is typical, then one can hardly use Lieu and Hillman's method to test quantum gravity.
Alternatively one can reach the same conclusion by appealing to the van-Dam-Veltman-Zakharov discontinuity theorem [15] which states that the theory for an exactly massless graviton is different from that for an extremely light graviton. If graviton is indeed the quantum mediator of gravitational interactions, it is known [15] that only the theory for an exactly massless graviton can explain Einstein's three tests of general relativity. To the extent that the vDVZ theorem is correct, one infers that the dispersion relation for gravitons is unaffected by the quantum fluctuations of spacetime, i.e., a = 0, so that the graviton does not have an energy-dependent effective mass and remains exactly massless. Then it is not hard to imagine that the dispersion relation for photons is also not affected: δE = cδp so that v p = v g for photons. In that case, Lieu and Hillman's argument becomes a moot point. Now if one accepts the suggestion that a is very small, possibly zero, then δφ receives its main contribution from the second (i.e., the δ(L/λ)) term in Eq. (2):
yielding a very minute δφ ∼ 10 −28 , 10 −9 respectively for α = 1, 2/3 in the case of light from PKS1413+135 and rendering Lieu and Hillman's argument irrelevant.
The inescapable conclusion is that modern theories of quantum gravity (embodied by the models mentioned above) have passed Lieu and Hillman's test. Contrary to their claim, those theories have by no means been ruled out. To the best of our knowledge, the Planck time is here to stay. This work was supported in part by the US Department of Energy and by the Bahnson Fund of the University of North Carolina. YJN thanks G.T. van Belle for a useful email correspondence.
